The green fluorescent protein (GFP) from the Pacific Northwest jellyfish Aequorea victoria has generated intense interest as a marker for gene expression and localization of gene products. The chromophore, resulting from the spontaneous cyclization and oxidation of the sequence -Ser65 (or Thr65)-Tyr66-Gly67-, requires the native protein fold for both formation and fluorescence emission. The structure of Thr65 GFP has been determined at 1.9 angstrom resolution. The protein fold consists of an 11-stranded barrel with a coaxial helix, with the chromophore forming from the central helix. Directed mutagenesis of one residue adjacent to the chromophore, Thr203, to Tyr or His results in significantly red-shifted excitation and emission maxima.
Although the GFP of the Pacific Northwest jellyfish Aequoria victoria was discovered some time ago (1), the cloning (2) and heterologous expression (3) of its cDNA were the crucial steps that triggered the widespread and growing use of GFP as a reporter for gene expression and protein localization in a broad variety of organisms (4, 5) . Wild-type GFP is a stable, proteolysis-resistant single chain of 238 residues and has two absorption maxima at about 395 and 475 nm. The relative amplitudes of these two peaks are sensitive to environmental factors (6) and illumination history (4), presumably reflecting two or more ground states. Excitation at the primary absorption peak of 395 nm yields an emission maximum at 508 nm with a quantum yield of 0.72 to 0.85 (1, [4] [5] [6] . The fluorophore results from the autocatalytic cyclization of the polypeptide backbone between residues Ser65 and Gly67 and oxidation of the ox-3 bond of Tyr66 (4, 7, 8) . Mutation of Ser65 to Thr (S65T) (9) simplifies the excitation spectrum to a single peak at 488 nm of enhanced amplitude (10) , which no longer shows signs of conformational isomers (4) . As a step in understanding these properties, and to aid in the tailoring of GFPs with altered characteristics, we have determined the three-dimensional structure at 1.9 A resolution of the S65T mutant (10) of A. victoria GFP (11) . (Table 1) , solvent flattening, phase combination, and crystallographic refinement. The most distinctive feature of the fold of GFP is an 11-stranded 1 barrel wrapped around a single central helix (Fig. 1, A and B) , where each strand consists of approximately 9 to 13 residues. The barrel forms a nearly perfect cylinder 42 A long and 24 A in diameter. The NH2-terminal half of the polypeptide comprises three antiparallel strands, the central helix, and then another three antiparallel strands, the third of which (residues 118 to 123) is parallel to the NH2-terminal strand (residues 11 to 23). The polypeptide backbone then crosses the "bottom" of the molecule to form the second half of the barrel in a five-strand Greek key motif. The top end of the cylinder is capped by three short, distorted helical segments, and one short, very distorted helical segment caps the bottom of the cylinder. The main chain hydrogen bonding lacing the surface of the cylinder likely accounts for the unusual stability of the protein toward denaturation and proteolysis. There are no large segments of the polypeptide that could be excised while preserving the intactness of the shell around the chromophore. Thus, it would seem difficult to re-engineer GFP to reduce its molecular size (12) by a large percentage.
The p-hydroxybenzylideneimidazolidinone chromophore (7) is completely protected from bulk solvent and is centrally located in the molecule. The total and presumably rigid encapsulation is probably responsible for the small Stokes' shift (that is, wavelength difference between excitation and emission maxima), high quantum yield of fluorescence, inability of 02 to quench the excited state (13) , and resistance of the chromophore to titration of the external pH (6) . It also allows one to rationalize why fluorophore formation should be a spontaneous intramolecular process (8) , because it is difficult to imagine how an enzyme could gain access to the substrate. ( 15) . Part of the volume of the cavity might be the consequence of the compaction resulting from cyclization and de- (4, 8, 16) , that dehydrogenates the ot-bond of Tyr66. The chromophore, cavity, and side chains that contact the chromophore are shown in Fig. 2A , and a portion of the final electron density map in this vicinity is shown in Fig. 2B . The opposite side of the chromophore is packed against several aromatic and polar side chains. Of particular interest is the intricate network of polar interactions with the chromophore (Fig 2C) . His148, Thr203, and Ser205 form hydrogen bonds with the phenolic hydroxyl; Arg96 and Gln94 interact with the carbonyl of the imidazolidinone ring, and Glu222 forms a hydrogen bond with the side chain of Thr65. Additional polar interactions, such as hydrogen bonds to Arg96 from the carbonyl of Thr62, and the side-chain carbonyl of Gln183, presumably stabilize the buried Arg96 in its protonated form. In turn, this buried charge suggests that a partial negative charge resides on the carbonyl oxygen of the imidazolidinone ring of the deprotonated fluorophore, as has previously been suggested (6) . Arg96 is likely to be essential for the formation of the fluorophore and may help catalyze the initial ring closure. Finally, Tyr145 shows a typical stabilizing edge-face interaction with the benzyl ring. Trp57, the only tryptophan in GFP, is located 13 to 15 A from the chromophore, and the long axes of the two ring systems are nearly parallel. This conformation indicates that efficient energy transfer to the latter should occur and explains why no separate tryptophan emission is observable (2, 17) .
Although the electron density map is for the most part consistent with the proposed structure of the chromophore (2, 7) in the cis [Z-] configuration, with no evidence for any substantial fraction of the opposite isomer around the chromophore double bond, difference features are found at >4u in the final (Fo -F) electron density map that can be interpreted to represent either the intact, uncyclized polypeptide or a carbinolamine (Fig. 2C, inset) . This interpretation suggests that a significant fraction, perhaps as much as 30% of the molecules in the crystal, has failed to undergo the final dehydration reaction. Confirmation of incomplete dehydration comes from electrospray mass spectrometry, which consistently shows that the average masses of both wild-type and S65T GFP (31,086 + 4 and 31,099.5 ± 4 daltons, respectively) are 6 to 7 daltons higher than predicted (31,079 and 31,093 daltons, respectively) for the fully matured proteins. Such a discrepancy could be explained by a 30 to 35% mole fraction of apoprotein or carbinolamine with 18 or 20 daltons higher molecular size (18) . Mutants of GFP that increase the efficiency of fluorophore matu- Table 1 . Summary of GFP structure determination. Data were collected at room temperature in-house with either Molecular Structure Corporation R-axis II or San Diego Multiwire Systems (SDMS) detectors (Cu Kot) and later at beamline X4A at the Brookhaven National Laboratory at the selenium absorption edge (X = 0.979 A) with image plates. Data were evaluated by use of the HKL package (25) or the SDMS software (26) . Each data set was collected from a single crystal. Heavy-atom soaks were 2 mM in mother liquor for 2 days. Initial electron density maps were based on three heavy-atom derivatives with the use of in-house data, then later were replaced with the synchrotron data. The EMTS (ethymercurithiosalicylate) difference Patterson map was solved by inspection, then used to calculate difference Fourier maps of the other derivatives. Lack of closure refinement of the heavy-atom parameters was performed with the Protein package (27) . The multiple isomorphous replacement (MIR) maps were much poorer than the overall figure of merit would suggest, and it was apparent that the EMTS isomorphous differences dominated the phasing. The enhanced anomalous occupancy for the synchrotron data provided a partial solution to the problem. The phasing power was reduced for the synchrotron data, but the figure of merit was unchanged. All experimental electron density maps were improved by solvent flattening with the program DM of the CCP4 (28) package, assuming a solvent content of 38%. Phase combination was performed with PHASCO2 of the Protein package with a weight of 1.0 on the atomic model. Heavy-atom parameters were subsequently improved by refinement against combined phases. Model building proceeded with FRODO and 0 (29) , and crystallographic refinement was performed with the TNT package (30 ration might yield somewhat brighter preparations. In the model for the apoprotein (not shown), the Thr65-Tyr66 peptide bond is approximately in the (x-helical conformation, whereas the peptide of Tyr'6-Gly67 appears to be tipped almost perpendicular to the helix axis by its interaction with Arg". This Arg96 is important in generating the conformation required for cyclization, and possibly for promoting the attack of Gly67 on the carbonyl carbon of Thr65 (4).
The results of previous random mutagenesis studies have implicated several amino acid side chains in having substantial effects on the spectra, and the atomic model confirms that these residues are close to the chromophore. The mutations T2031 and E222G have profound but opposite effects on the absorption spectrum (19) . T2031 (with wild-type Ser65) lacks the 475-nm absorbance peak usually attributed to the anionic chromophore and shows only the 395-nm peak thought to reflect the neutral chromophore (8, 19) . Indeed, Thr203 is hydrogen-bonded to the phenolic oxygen of the chromophore, so replacement by Ile should hinder ionization of the phenolic oxygen. Mutation of Glu222 to Gly (19) has much the same spectroscopic effect as replacing Ser65 by Gly, Ala, Cys, Val, or Thr, namely, suppression of the 395-nm peak in favor of a peak at 470 to 490 nm (10, 20) . Indeed, Glu222 and the remnant of Thr65 are hydrogen-bonded to each other in the present structure, probably with the uncharged carboxyl of Glu222 acting as donor to the sidechain oxygen of Thr6 . Mutations E222G, S65G, S65A, and S65V would all suppress such hydrogen bonding. To explain why only wild-type protein has both excitation peaks, Ser65, unlike Thr65, may adopt a conformation in which its hydroxyl donates a hydrogen bond to and stabilizes Glu222 as an anion, whose charge then inhibits ionization of the chromophore. The structure also explains why some mutations seem neutral. For example, Gln80 is a surface residue far removed from the chromophore, which explains why its accidental and ubiquitous mutation to Arg seems to have no obvious intramolecular spectroscopic effect (3) .
The development of GFP mutants with red-shifted excitation and emission maxima presents an interesting challenge in protein engineering (4, 10, 20) . Such mutants would also be valuable for avoidance of cellular autofluorescence at short wavelengths, for simultaneous multicolor reporting of the activity of two or more cellular processes, and for exploitation of fluorescence resonance energy transfer as a signal of protein-protein interaction (21) . Extensive studies with random mutagenesis have shifted the emission maximum by at most 6 nm to longer wavelengths (514 nm) (21); previously described "red-shifted" mutants merely suppressed the 395-nm excitation peak in favor of the 475-nm peak without any significant reddening of the 505-nm emission (20) . Because Thr203 is shown to be adjacent to the phenolic end of the chromophore, we mutated it to polar aromatic residues such as His, Tyr, and Trp in the hope that the additional polarizability of their it SCIENCE * VOL. 273 * 6 SEPTEMBER 1996 1 394 on November 7, 2010 www.sciencemag.org Table 2 . Spectral properties of Thr203 mutants compared to S65T (10) . The mutations F64L, V68L, and S72A improve the folding of GFP at 370 (31) but do not significantly shift the emission spectra. Note added in proof: An independent determination of the structure of wild-type GFP has been carried out by Yang et al. (24) .
